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PURPOSE. To characterize a recently developed model, the retinal degenerate immunodeficient S334ter line-3 rat (SD-Foxn1 Tg(S334ter)3Lav) (RD nude rat), and to test whether transplanted rat fetal retinal sheets can elicit lost responses to light.
METHODS. National Institutes of Health nude rats (SD-Foxn1 Tg) with normal retina were compared to RD nude rats with and without transplant for morphology and visual function. Retinal sheets from transgenic rats expressing human placental alkaline phosphatase (hPAP) were transplanted into the subretinal space of RD nude rats between postnatal day (P) 26 and P38. Transplant morphology was examined in vivo using optical coherence tomography (OCT). Visual function was assessed by optokinetic (OKN) testing, electroretinogram (ERG), and superior colliculus (SC) electrophysiology. Cryostat sections were analyzed for various retinal/synaptic markers and for the expression of donor hPAP.
RESULTS.
Optical coherence tomography scans showed the placement and laminar development of retinal sheet transplants in the subretinal space. Optokinetic testing demonstrated a deficit in visual acuity in RD nude rats that was improved after retinal sheet transplantation. No ERG responses were detected in the RD nude rats with or without transplantation. Superior colliculus responses were absent in age-matched control and sham surgery RD nude rats; however, robust light-evoked responses were observed in a specific location in the SC of transplanted RD nude rats. Responsive regions corresponded to the area of transplant placement in the eye. The quality of visual responses correlated with transplant organization and placement.
CONCLUSIONS. The data suggest that retinal sheet transplants integrate into the host retina of RD nude rats and recover significant visual function.
Keywords: retinal degeneration, stem cells, electrophysiology-nonclinical, optokinetic, retinal transplantation A ge-related macular degeneration (AMD) is a progressive form of vision loss that accounts for 45% of incurable vision-related illnesses in Western societies. 1, 2 Age-related macular degeneration and other retinal degenerative diseases are caused by a loss of photoreceptors and damage to the retinal pigment epithelium (RPE). Several treatment strategies in development such as gene therapy [3] [4] [5] and micronutrient supplements [6] [7] [8] [9] are effective during early disease stages. Recently, stem cell therapies have demonstrated promise for treatment of certain forms of human degenerative eye diseases. [10] [11] [12] Cells were either transplanted as RPE sheets or dissociated retinal progenitor cells (RPCs) that release trophic factors to support photoreceptor survival. [13] [14] [15] In animal models, photoreceptor precursors have been injected into the subretinal space, and a small percentage of the injected cells integrated into the host photoreceptor layer. [16] [17] [18] [19] [20] At later stages of retinal degeneration, photoreceptors and RPE are severely damaged. This irreversible damage is not responsive to any protective effects of various treatment strategies. One potential treatment for later stages of disease is to transplant RPCs as an intact sheet into the subretinal space. 21, 22 These sheets of cells develop like a normal retina, in contrast to single-cell suspensions. [23] [24] [25] [26] [27] Additionally, due to the increased stability, the retinal sheets can replace the damaged photoreceptors and RPE and other retinal cells while also releasing trophic factors. 28 Previously, transplanted fetal retinal progenitor sheets have successfully improved responses to visual stimuli in the higher visual areas in retinal degenerate rodents 22, [28] [29] [30] [31] [32] and led to improved visual acuity in humans. 33 Such transplants have been well tolerated in the host retina and have shown signs of functionality and anatomic integration. 22, 28 Transplants of fetal retinal tissue from a different species (xenografts) require immunosuppression for survival. 34 Howiovs.arvojournals.org j ISSN: 1552-5783 ever, immunosuppression is labor intensive, but most importantly, may cause additional pain and discomfort to the animals and can have negative effects on the health of the recipient, especially with long-term use; for example, the most commonly used immunosuppressant, cyclosporine A, can have nephrotoxic effects. 35, 36 Therefore, we have developed a double mutant rat with a Foxn1
À/À and S334ter À/À line-3 rhodopsin mutation 21 rendering the rat both immunodeficient and retinal degenerate. This new model (RD nude rat) eliminates the need for immunosuppression when transplanting xenografts and will also eliminate a slow chronic immune rejection of allografts (as used for this study).
The present study functionally characterizes this RD nude rat model with transplants of fetal rat retinal allografts. We measured visual acuity using optokinetic (OKN) testing together with ERG and extracellular recordings of light responses from the superficial layers of the superior colliculus (SC). After retinal sheet transplantation of human alkaline phosphatase-labeled (R26-hPAP) rat retina, 22 ,37 assessment of visual function was performed. Our hypothesis is that transplantation of rat fetal retinal sheets will improve electrophysiological and OKN light responses in this RD nude rat.
METHODS Animals
For all experimental procedures, animals were treated in accordance with the National Institutes of Health guidelines for the care and use of laboratory animals and the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research, and under a protocol approved by the Institutional Animal Care and Use Committee of the University of California-Irvine. All animals were group housed (two or three rats per cage) unless veterinary care necessitated individual housing, in cage racks with individually filtered air. All rats were maintained on a 12-hour light/dark cycle (lights on from 6:30 AM to 6:30 PM) at an ambient temperature of 21.5 6 0.88C and a relative humidity of 50%.
National Institutes of Health nude rats (NTac:NIH-Foxn1r-nu) were bred in-house from founder breeders purchased from Taconic (Taconic Bioscience, Inc., Hudson, NY, USA). As previously reported, donor retinal transplant tissue was obtained from rats positive for human placental alkaline phosphatase (hPAP). 22, 37 This rat strain was used in order to trace transplanted cells and processes in the recipient RD retina. SD-Foxn1 Tg(S334ter)3Lav (RD nude rat) transplant recipients were generated by crossing SD-Tg(S334ter)3Lav rat and NTac:NIH-Whn rats. 21 Therefore, recipient rats have a mutant rhodopsin gene and a T-cell deficiency resulting in immunocompromised and retinal degenerate rats. Long-Evans (LE) rats of both sexes were purchased from Charles River Laboratories (www.criver.com).
Donor Tissue Isolation and Transplantation Procedures
Donor retinal tissue was isolated and treated as previously described. 32, 38, 39 Retinas were dissected from E19 hPAP embryos and stored overnight at 48C in 50 to 100 lL HibernateE medium with B-27 supplements (Life Technologies, now Thermo Fisher Scientific, Waltham, MA, USA) and brainderived neurotrophic factor (BDNF)/glial cell-line derived neurotrophic factor (GDNF)-loaded poly lactic-co-glycolic acid (PLGA) microspheres. 32, 40 Retinal sheets were cut into rectangular pieces (1-1.5 3 0.6 mm) for transplantation.
Retinal sheet transplantation was performed as previously described. 32, 38, 41 Briefly, recipient rats (postnatal day [P] 26-38) were anesthetized with ketamine/xylazine (40-55 mg/kg ket, 6-7.5 mg/kg xyl) and pupils dilated with atropine eye drops (1%) (Akorn Pharmaceuticals, Lake Forest, IL, USA), and a small incision (~1 mm) was made posterior to the pars plana, parallel to the limbus, followed by a local mechanical retinal detachment. To prevent eyelid swelling in RD nude rats, they received a subcutaneous injection of ketoprofen (4 mg/kg) (Zoetis, Inc., Kalamazoo, MI, USA) and dexamethasone eye drops (Bausch & Lomb, Inc., Tampa, FL, USA) prior to anesthesia. The eye was frequently treated with tetracaine (Bausch & Lomb, Inc.) and dexamethasone eye drops. Donor retinal transplant tissue was delivered to the subretinal space of the left eye using a custom implantation instrument. 41 The incision was closed with 10-0 sutures. Sham surgery consisted of placing the instrument into the subretinal space and injecting medium containing BDNF/GDNF microspheres. For recovery, rats were given a subcutaneous injection of Ringer's saline solution and the analgesic Buprenex (0.03 mg/kg) (Reckitt Benckiser Pharmaceuticals, Inc., Richmond, VA, USA) for pain management and placed in a Thermocare (Paso Robles, CA, USA) incubator to recover. An overview of transplants, sham surgeries, and nonsurgery controls is shown in Tables 1 and 2 .
SD-OCT Imaging
Rats were anesthetized with ketamine/xylazine and isoflurane (0.5-1.5%) mixed with oxygen through a gas anesthesia mask To reduce background speckle and improve resolution of low-contrast and hard-to-see layers, B-scans at one spatial location are averaged together. The third number is the B-scan averaging value and the higher the number, the better the resolution. Whenever possible, the optic disc was centered and used as a point of reference. Transplanted rats were imaged every 1 to 2 months from 1 week after surgery up to 6 months of age (5 months post surgery), with the last scan as close to the terminal experiment (SC recording) time as possible. Control LE, NIH nude, and RD nude rats were imaged at approximately similar ages.
Quantification of Retinal Layer Thickness
The size and location of the transplant were determined by using the optic disc as a reference point. Retinal layer thickness was quantified in 800 3 20 3 80, 800 3 50 3 30, 700 3 70 3 25, or 488 3 488 3 5 retinal scans using InVivoVue Diver Release 2.0 (Bioptigen). In the Diver software, a 5 3 5 grid of 25 points was overlaid onto a fundus image of the retina to be analyzed. At each of these points, the averaged B-scan is displayed and the thicknesses of the following layers were manually measured: nerve fiber, inner plexiform, inner nuclear, outer plexiform, outer nuclear, interdigitation zone, RPE. Layers were defined according to the International Nomenclature for Optical Coherence Tomography Panel. 42 The following groups of layers were also measured at each point: total retinal thickness (TR) (defined as all retinal layers, from nerve fiber layer including RPE) and outer retina (OR) (outer plexiform layer, outer nuclear layer, inner and outer segments without RPE). These additional groups were needed because the outer retinal layers were indistinguishable in RD rats and could not be measured individually. The average of each layer thickness was determined for each retinal scan after taking thickness measurements at each of the 25 points. Data were organized by age and strain. Mean thickness was calculated using a custom Python 3.4 program (Python Software Foundation, in the public domain http.www.python.org, Beaverton, OR, USA), and standard deviations for each group were then determined using GraphPad Prism 6.0 software (La Jolla, CA, USA).
Optokinetic Response Testing
Visual acuity of RD nude rats (transplanted, sham surgery, and nonsurgery) and non-RD control rats (NIH nude and LE) was measured by recording optomotor responses 43, 44 to a virtual cylinder with alternating black and white vertical stripes (OptoMotry; Cerebral Mechanics, Inc., Lethbridge, AB, Canada). Tests were performed two or three times at the age of 7 to 12 weeks, 13 to 16 weeks, and 17 to 20 weeks (see detailed description below). Several animals received fewer tests, either because they had to be treated for infections or because they were recorded in the SC (terminal procedure) at an earlier time point. In most animals, the final OKN test was conducted within 1 month prior to the SC recording. Rats were dark adapted for a minimum of 30 minutes prior to testing. At the beginning of each test, rats were habituated for 2 minutes with a gray visual display. Then optomotor (headtracking) responses were recorded at six different spatial frequencies (black and white stripes) for 1 minute per frequency moving in each direction (clockwise and counterclockwise). Testing occurred from the lowest frequency to the highest (0.05-0.45 cyc/deg) with 2 minutes of habituation to the gray screen between each frequency tested. All tests were videotaped and evaluated offline by two independent reviewers masked to the experimental condition. If there was a discrepancy between the two observers, videos were reanalyzed by a third observer, and data were discussed before giving a final score. For all statistical analyses, significance level was calculated in GraphPad using mean 6 SEM. A P value < 0.05 was considered significant.
Electroretinography
Electroretinography was performed within 1 month prior to the SC recording (age at testing ranged between 2.5 and 6 months) using the HMsERG system (Ocuscience, Las Vegas, NV, USA) as previously described. 45, 46 Briefly, rats were dark adapted for a minimum of 2 hours prior to testing. The rats were then anesthetized with ketamine/xylazine and 0.5% to 2% isoflurane. Pupils were dilated using tropicamide 1% (Bausch & Lomb, Inc.) eye drops. Contact lens electrodes were placed on the cornea of both eyes, with reference and ground electrodes placed subcutaneously. An optically clear ophthalmic gel was used to maintain hydration and conductivity between the cornea and recording electrodes. Scotopic testing was conducted with flash stimuli intensities ranging from 1 to 25,000 millicandela (mcd) followed by photopic testing (light adaptation of 10 minutes prior to the photopic test, which records flash stimuli responses of 10-25,000 mcd).
Superior Colliculus Electrophysiology
Visual responses from the SC were recorded as previously described. 30, 32, 47 Responses from transplanted RD nude rats were recorded between 3.6 and 8.3 months of age (see Table  1 ) and compared with responses from age-matched nontransplanted RD nude, NIH nude, and LE rats. Briefly, after overnight dark adaption, rats were anesthetized with an injection of ketamine/xylazine, 0.5% to 2% isoflurane, and tetracaine applied to the eyes. The pupils were dilated using tropicamide 1% (Bausch & Lomb, Inc.) eye drops. A craniotomy was performed and the surface of the SC exposed by removing the overlying cortex. A tungsten microelectrode (0.5 MX impedance; MicroProbe, Inc., Gaithersburg, MD, USA) was used to record multiunit electrical responses from 25 to 70 locations on the SC surface approximately 200 to 400 lm apart. Light stimuli (20-to 40-ms duration) were delivered approximately 10 times at 10-second intervals at an intensity of 0.58 to À6.13 log cd/m 2 . When responses were found, the light stimuli were reduced until there was no response. Electrophysiological responses to light stimuli (stimulus level 0.58 log cd/m 2 ) were quantified over the area of the SC recorded by spike counts and mapped over that area recorded. All spikes occurring 30 to 210 ms after the onset of the photic stimulus were counted. The sum was averaged across 10 stimulus presentations. Analyses of the responses were performed using a custom MATLAB program (Mathworks, Natick, MA, USA).
Histology and Immunofluorescence
After SC recording (2.3-7.5 months after surgery, see Table 1 ), rats were perfusion-fixed with cold 4% paraformaldehyde in 0.1 M Na-phosphate buffer. The eye cups were dissected along the dorsoventral axis, infiltrated overnight in 30% sucrose before embedding in Tissue-Tek (Sakura, Torrance, CA, USA) OCT (optimum cutting temperature) compound and freezing using isopentane on dry ice. Serial 10-lm cryostat sections were cut and stored at À208C. Every fifth slide was analyzed for donor hPAP expression using 5-bromo-4-chloro-3-indolyl-phosphate (BCIP)/nitro blue tetrazolium (NBT) substrate (B1911; Sigma-Aldrich Corp., St. Louis, MO, USA). Sections of control nontransplant eyes were stained using hematoxylin and eosin (H&E).
For immunofluorescence analysis, cryostat sections were incubated in HistoVT One (1:10 dilution, 30 minutes at 708C; Nacalai, Inc., San Diego, CA, USA) for antigen retrieval, washed with PBS (phosphate-buffered saline: 0.1 M NaCl, 0.05 M Naphosphate buffer, pH 7.2), and blocked for at least 30 minutes in 10% donkey serum. Primary antibodies were rabbit antihPAP (SP15, 1:50; Epitomics, Burlingame, CA, USA); mouse anti-PKCa (protein kinase C a) (1:100; Stressgen [now Enzo Life Sciences, Plymouth Meeting, PA, USA]); mouse antirhodopsin 48 (rho1D4, 1:100; gift of Robert S. Molday, University of British Columbia); mouse anti-recoverin 49 (1:500; gift of James F. McGinnis, University of Oklahoma); mouse anti-Bassoon (1:600; Stressgen); mouse anti-calbindin (1:500; Sigma-Aldrich Corp.); mouse anti-PSD95 (1:500; Stressgen); mouse anti-HPC1 50 (1:500; gift of Colin J. Barnstable, now Penn State College of Medicine); mouse anti-calciumcalmodulin kinase II (CamKII, 1:100; Chemicon, Temecula, CA, USA [now EMD Millipore]); rabbit anti-Iba1 (1:100; Biocare Medical, Concord, CA, USA); rabbit anti-CRALBP (cellular retinaldehyde binding protein) 51 (1:1000; gift of John C. Saari, University of Washington); and rabbit anti-GFAP (glial fibrillary acidic protein) (1:50; Chemicon). Primaries were left on sections overnight at 48C. After several PBS washes, slides were incubated for at least 30 minutes at room temperature in fluorescent secondary antibodies (dilution of 1:200-1:400), Alexa Fluor 488 donkey anti-rabbit IgG (HþL) and rhodamine X donkey anti-mouse IgG (HþL) (Jackson Immuno Research, Westgrove, PA, USA). Sections were then washed with PBS, coverslipped using Vectashield mounting media (Vector Labs, Burlingame, CA, USA) with 5 lg/mL 4 0 ,6-diamidino-2-phenylindole (DAPI), and imaged using an Olympus BXH10 (Cypress, CA, USA), Nikon FXA microscope (Nikon Instruments, Melville, NY, USA), or a Zeiss LSM700 confocal microscope (Carl Zeiss Microscopy GmbH, Oberkochen, Germany), taking stacks of 5-to 8-lm thickness at 320, 340, and 363 (selected images). Zen 2012 software (https://www.zeiss.com/ microscopy/us/downloads/zen.html; in the public domain) was used to extract confocal images. Three-dimensional (3D) images were extracted separately for each channel and combined in Adobe Photoshop CS6 software (San Jose, CA, USA). In addition, Volocity (x64) software (Perkin-Elmer, www. cellularimaging.com; in the public domain) was used to obtain higher-magnification 3D opacity-rendered images that could be rotated for better viewing of 3D structures such as cell bodies and cellular processes. These images were also used to determine if labels were colocalized in certain locations.
Statistical Analysis
For all statistical analyses, the significance level was calculated in GraphPad Prism software using t-tests (paired and unpaired), 1-way ANOVA for multiple comparisons, and Tukey post hoc analysis. Level of significance was set at P < 0.05.
RESULTS

OCT of Control Eyes
At 1 month (the approximate age of transplantation), RD nude rat retinal layers (Supplementary Figs. S1C, S1D) were significantly thinner compared to those of NIH nude rats with regard to the nerve fiber layer (NFL, P < 0.05), inner plexiform layer (IPL, P < 0.0001), inner nuclear layer (INL, P < 0.0001), outer retina (OR, P < 0.0001), and RPE (P < 0.0001) ( Supplementary Fig. S1 ). At the age of 5 to 7 months, retinal layer thickness was quantified using OCT images and compared between LE, NIH nude, and RD nude rats (Fig.  1A) . Retinal thicknesses and lamination were similar in normal LE and NIH nude rats, whereas RD rats exhibited comparatively thinner IPL (P < 0.003), OR (P < 0.0001), and RPE layers (P < 0.04). The LE rat retina (Fig. 1B) and NIH nude (NIH) rat retina (Fig. 1D ) appeared normal with distinct visible layers. However, RD nude rats (Fig. 1F) had severe deficits in retinal layers, most strikingly with an almost complete absence of outer retinal layers. Hematoxylin and eosin staining (Figs. 1C,  1E, 1G ) confirm the OCT results.
Immunohistochemistry of Control Eyes
Histologic analysis demonstrated that 1-and 4-month old NIH nude rat retina appears morphologically normal with clear retinal layers, including rod bipolar cells indicated by PKCa staining (Figs. 2A, 2D ), a thick photoreceptor layer, and cone bipolar cells as expressing recoverin (Figs. 2B, 2E ) and outer segments labeled for rhodopsin (Figs. 2C, 2F ). In contrast, the RD nude rats without retinal sheet transplants and sham surgery rats showed substantial loss of outer nuclear layer thickness indicating massive photoreceptor loss over time. At 1 month, an outer plexiform layer is still recognizable (Fig.  2G) . The photoreceptor layer is only one cell layer thick (Fig.  2H) , and few cells still express rhodopsin (Fig. 2I) . At 6.6 months, rod bipolar cells show abnormal morphology with remodeling and no clear outer plexiform layer (Fig. 2J) . There are only scattered cones (Fig. 2K) , and there are no remaining rods as indicated by the loss of rhodopsin immunoreactivity (Fig. 2L) .
OCT of Transplanted Eyes
In vivo imaging of the transplanted tissue was performed at different time points (examples in Figs. 3A-J). Representative images (Fig. 3) contrast an ideal result with a suboptimal transplant. A laminated transplant is represented in Figures 3A,  3C , 3E, 3G, 3I, and 3K (no. 5 in Table 1 ) with distinct organized layers. At 6 days after transplantation (Fig. 3C) , the inner and outer retinal layers have not yet separated, whereas clear lamination can be seen for 19 to 90 days after transplantation (Figs. 3E, 3G, 3I ). Note the large areas of lamination (confirmed by histology in Fig. 3K ) that are consistent with those seen in a normal retina. In contrast, the second transplant (in Figs. 3B,  3D , 3F, 3H, 3J; no. 1 in Table 1 ) represents a highly rosetted and structurally disorganized transplant that was partially placed upside down. Note the absence of any distinct layers in the transplant and the circular rosette structures throughout as confirmed by histology in Figure 3L .
Optokinetic Testing
Good head-tracking behavior in response to OKN stimulation was observed in the control non-RD groups (LE rats and NIH nude rats, age group 17-20 weeks, Fig. 4A ). As evidenced by the visual acuity responses, no significant difference was seen between LE rats and NIH nude rats. In RD no-surgery nude rats, age group 17 to 20 weeks, severe visual functional deficits were observed as demonstrated by significant loss of OKN visual acuity (RD versus LE, P < 0.0001, and RD versus NIH rats, P < 0.0001; Fig. 4A ). Significant loss of OKN visual acuity was also observed in RD sham surgery rats (age group 7-12 weeks: sham RD nude versus NIH nude rats, P < 0.005; age group 17-20 weeks: sham [n ¼ 10] versus NIH nude [n ¼ 7], P < 0.0001; Fig. 4B ).
Retinal degenerate nude rats that received retinal sheet transplants showed improvement in visual responsiveness (Fig.  4B) as evidenced by the higher visual acuity compared to the sham surgery group (transplant group versus sham group, P < 0.05, age group 17-20 weeks; unpaired t-test), and based on the comparison between the transplanted eyes and the nontransplanted eyes (P < 0.01, age group 7-12 weeks; P < 0.05, age group 13-16 weeks; P < 0.05, age group 17-20 weeks; paired t-tests). There was no significant difference between the nontransplanted eyes in transplant RD rats and sham surgery RD rats (nontransplanted eyes versus sham, P ¼ 0.75, age 7-12 weeks; nontransplanted RD eyes versus sham RD, P ¼ 0.49, age 13-16 weeks; nontransplanted RD eyes versus sham RD, P ¼ 0.23, age 17-20 weeks). Supplementary Figure S2A shows a comparison between transplant organization and OKN responses at the third test at 17 to 20 weeks. Laminated transplants and one rosetted transplant had better OKN responses than transplants with weak or no SC responses.
Electroretinography
Scotopic and photopic ERG was recorded from LE, NIH nude, and RD nude rats at the age of 2.5 to 6 months (Fig. 5) . Electroretinogram responses in RD nude rats were considerably weak and not very apparent. Long-Evans rats (n ¼ 7) and NIH nude rats (n ¼ 6) showed significantly higher scotopic (P < 0.0001, Fig. 5A ) and photopic (P < 0.05, Fig. 5B ) B-wave responses compared to the RD nude rats (n ¼ 17). No apparent ERG responses could be recorded from sham FIGURE 1. SD-OCT and histology of LE, NIH, nude, and RD nude rats. (A) Quantification of retinal layer thickness using OCT scans: LE rats (n ¼ 6) and NIH nude rats (n ¼ 6) were compared to RD nude rats (n ¼ 2) at the age of 5 to 7 months. Asterisks correspond to P < 0.05; color indicates significant difference for corresponding layer color. (B, D, F) Sample images of cross-sectional retina OCT scans in (B) LE rat (age 6.8 months), (D) NIH nude rat (age 6.8 months), and (F) RD nude rat (age 4 months). Vertical bar: 50 lm; horizontal bar: 300 lm. (C, E, G) Hematoxylin and eosin staining of the retina for (C) LE rat (age 7 months), (E) NIH rat (4 months), and (G) RD rat (6.6 months). Scale bars: 50 lm. RPE, retinal pigment epithelium; OS, outer segments; IS, inner segments; OLM, outer limiting membrane; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer; NFL, nerve fiber layer; OR, outer retina (OPL, ONL, OLM, IS, OS); IR, inner retina (NFL, GCL, IPL, INL); TR, total retina (from nerve fiber layer to RPE).
surgery RD nude rats (n ¼ 5) and retinal sheet transplanted RD nude rats (n ¼ 5). Figure 6 shows SC mapping data from rats tested at a light intensity of 0.58 log cd/m 2 . At this stimulus level, non-RD control groups (LE rats and NIH nude rats) showed robust light-evoked activity in the SC, whereas RD nude rats (nontransplanted and sham surgery) showed no light-evoked responses in the SC. Figure 6A shows sample traces from LE, NIH nude, and RD rats. Responses were recorded from all over the SC in LE rats (Fig. 6B ) and NIH nude rats (Fig. 6C ) but were absent in the SC of nontransplanted RD nude rats (Fig. 6D ) and in the RD sham surgery group (Fig. 6E) . Data from the transplanted rats were grouped into laminated (L), rosetted (R), and disorganized (D), based on the morphologic organization of the transplants ( Fig. 7A ; criteria in Fig. 3 ). Retinal degenerate rats with retinal sheet transplants (8/9) showed visual activity in a small SC area (see heat maps in Fig. 7A ; Table 1 ) with a peak approximately corresponding to the placement of the transplant in the retina. The peak area showing maximal responses attenuated as the Comparisons between the nonsurgery eyes and surgery eyes of RD nude rats (sham surgery rats and retinal sheet transplanted rats) were made at 7 to 12 (transplant: n ¼ 9, sham: n ¼ 7, NIH nude: n ¼ 5), 13 to 16 (transplant: n ¼ 5, sham: n ¼ 6), and 17 to 20 (transplant: n ¼ 5, sham: n ¼ 10, NIH nude: n ¼ 7) weeks of age. Transplanted eyes showed improved visual acuity compared to the nontransplanted eyes (P ¼ 0.0056, age 7-12 weeks; P ¼ 0.0367, age 13-16 weeks) and when compared to the sham surgery group (P ¼ 0.0148, age 17-20 weeks). Statistical significance was calculated using mean 6 SEM.
Electrophysiological Recording of Visual Responses in the SC
recording sites moved away from the peak (Figs. 7B, 7C) . The above SC response pattern was consistent among most of the RD nude rats that received retinal sheet transplants (Fig. 7A) , although the degree of visual response varied between individual rats ( Fig. 7C ; Table 1 ). The organized response maps in Figure 7A and the strong responses shown in Figure 7B were obtained from rats in which the transplant was well organized and laminated ( Fig. 7 ; rat ID nos. 3, 5, 7, and 8). By contrast, comparatively weak responses shown in Figures 7A and 7C were obtained from rats in which the transplant was not well laminated and contained rosettes, or when the transplant was placed upside down (based on histologic verification, rat ID nos. 10, 9, 2, and 1). Rat 4 with a disorganized transplant had no responses.
As shown in Figure 7A and Table 1 , the percentage of responsive areas is significantly (P < 0.05) larger in laminated transplants (33.8 6 6.4%, n ¼ 4) compared to rosetted transplants (6.3 6 3.8%, n ¼ 3) and disorganized transplants (1.9 6 1.9%, n ¼ 2), respectively. The spike count is significantly higher (P < 0.05) in laminated transplants (72.3 6 13.5, n ¼ 4) compared to rosetted transplants (31.0 6 8.2, n ¼ 3) and disorganized transplants (9.0 6 9.0, n ¼ 2), respectively. This relation between transplant organization and SC responses is also shown in Supplementary Figure S2B . Supplementary Figure S2C compares responses of transplanted rats in OKN testing with the results of SC recording and shows some correlation, although the N was too low for statistical analysis. The best response threshold of RD nude rats with laminated transplants was À2.22 log cd/m 2 , whereas it was consistently higher at 0.58 log cd/m 2 in RD nude rats with rosetted and disorganized transplants (see Table 1 ).
Immunohistochemistry of Transplant Eyes
Based on OCT imaging, in RD nude rats that received a retinal sheet transplant, the transplanted tissue was located in the subretinal space between the host retina and RPE. Transplant organization varied between lamination and rosettes (Table 1) . Data from the same transplanted rats (as shown in Table 1 , rat ID nos. 5, 6, and 1) are used as examples throughout the paper. Transplants were stained for hPAP (donor), in combination with recoverin, rhodopsin, and red-green opsin (Fig. 8) . Transplant 5 indicates a clear laminated structure with recoverin, rhodopsin-, and cone opsin-positive photoreceptors with no photoreceptor-positive labeling in the host (Figs.  8A, 8C, 8E) . Laminated transplants had recoverin-positive cone bipolar cells (Fig. 8A) and PKCa-positive rod bipolar cells (Figs.  9A, 9D ). Transplant no. 1 also expressed the same markers, but the transplant had been placed upside down. The cells were organized into rosetted structures (spherical arrangement of photoreceptors around a lumen, surrounded by other retinal layers) (Figs. 3L, 3N , 9G-I).
Interestingly, laminated transplants (ID nos. 5 and 6) had processes extending into the IPL of the host retina (arrowheads in Figs. 8A, 8C, 9A, 9B, 9D, 9E; see also Figs. 10D-F) demonstrating signs of potential synaptic integration between the transplant and the host (yellow asterisks, Figs. 9C, 9F) .
In a rosetted transplant (ID no. 1), only a small area showed donor processes extending into host retina (Figs. 9I, 10I, 10L) .
As the retina degenerates in an RD rat, the OPL along with the ONL degenerates, and Bassoon staining indicative of active ribbon synapses is found only in the IPL (Fig. 10B ) rather than in both the OPL and IPL (Fig. 10A) . Bassoon-positive staining in transplant no. 5 (Figs. 10C-F) revealed that ribbon synapses were present not only in the donor IPL but in the OPL as well, comparable to a normal retina (Fig. 10A) . Examination of the 3D opacity image revealed possible ribbon synaptic contact between donor processes and host IPL (Fig. 10F) . Transplants developed other mature retinal cell types as well. Amacrine cells were labeled by syntaxin/HPC-1 in laminated transplant 5 (arrowheads in Figs. 10H, 10J ) and rosetted transplant 1 (Figs.  10I, 10L) .
Staining positive for PSD95 in the OPL within the donor area of transplant no. 5 indicated the presence of photoreceptor terminals (Figs. 11A, 11B ). Calbindin-positive staining within the INL of transplant 5 revealed the presence of horizontal cells (Figs. 11C, 11D ). Calmodulin kinase II staining showed labeled ganglion and amacrine cells in the host retina, and amacrine cells in transplant no. 5 (arrowheads in Figs. 11E,  11F) .
Within the laminated transplants, Müller cells developed radial orientation (Figs. 12C, 12D, 12F ), whereas they were more disorganized in rosetted transplants (data not shown). Analysis of GFAP (Figs. 12A-D) showed that Müller cells, which are normally not immunoreactive for GFAP (Fig. 12A) , expressed GFAP in the RD control (Fig. 12B) and in both the recipient and transplant (Figs. 12C, 12D) . Expression of CRALBP (Figs. 12E, 12F ) also confirmed the presence of Müller cells within and around transplant no. 5. Some areas of the transplant-host interface in transplant no. 5 contained an apparent glial barrier (Figs. 12C, 12D, 12F) , which was, however, not continuous. Figure 12G shows Iba1-immunoreactive microglial cells found in the inner layers of a normal retina (Fig. 12G) . Activated microglia cells are recruited to the site of photoreceptor degeneration (Fig. 12H) . They extend their processes FIGURE 5 . ERG recordings from Long-Evans (LE) (n ¼ 7), NIH nude (n ¼ 6), and RD nude rats (no surgery, n ¼ 6; sham, n ¼ 5; transplant, n ¼ 6) at the age of 2.5 to 6 months. Results are presented as mean þ SEM. (A) Scotopic response B-wave amplitude: robust response from LE and NIH nude rats but no response from RD nude rats (P < 0.0001). (B) Photopic B-wave: robust responses in LE and NIH nude rats but no response in RD rats (P < 0.05).
into the transplant site and within the transplant itself (Figs.  12I, 12J ), but their density in the transplant did not appear to be higher than in normal NIH nude retina.
DISCUSSION
In-depth analysis of the visual function in our newly developed S334ter line-3 immunocompromised rats (RD nude rats) establishes it as a useful model for transplantation studies in the eye. Our study demonstrated that this strain manifested loss of outer nuclear layer thickness and photoreceptors as early as P30, consistent with previous observations in S334ter line-3 rats. 52, 53 Visual functional deficits in these rats were indicated by loss of ERG, OKN, and SC responses. These results are consistent with previously published studies indicating deficits in visual function in nonimmunocompromised S334ter line-3 rats. 32, 40, [54] [55] [56] Based on these functional data, the addition of the FoxN1 mutation (loss of T cells) did not alter the retinal phenotype of the retinal degenerate S334ter line-3 rats. The NIH nude controls had similar OKN, ERG, and SC responses as seen in LE controls, in addition to having similar lamination and retinal thickness as determined by OCT and histology.
In the present investigation we used our newly developed immunodeficient RD rat model for allograft (rat tissue) transplantation experiments. For future experiments, since this RD rat model does not reject human cells, a better understanding of the effects of xenograft transplantation is possible. Although the eye is to a large extent regarded as an immunoprivileged organ, there is strong evidence for an immune response to a xenograft (which was not used in the present study). 34, [57] [58] [59] [60] Allografted rat retinal sheets were stable when transplanted in RD nude rats. Previously, retinal sheets have been shown to improve light responses in nonimmunocompromised S334ter line-3 non-nude RD rats. 22, 28, 29, 32, 40 Based on the current study, transplantation of retinal sheets into RD nude rats improves visual function based on OKN and SC electrophysiology.
Optokinetic head-tracking responses in RD rats showed higher visual acuity in the transplanted eyes (retinal sheet transplant present) versus the nontransplanted eyes at multiple time points. The improvement in OKN head-tracking and lightevoked SC responses demonstrated that retinal sheet transplants were able to improve the visual function in the transplanted area of the eye. Previous studies demonstrated that these responsive areas in the brain are synaptically connected to the transplanted tissue in the eye. 22, 28, 61 The current investigation demonstrates that the quality of the transplant in terms of organization and placement corresponds to the quality of the SC response (independent from the age of the RD recipient). The transplants that had more lamination (as shown in OCT images and later confirmed by histology) had more robust SC responses. Conversely, the disorganized transplants had weak or no responses (see Table  1 ; Supplementary Fig. S2B ). A comparable correlation between degree of visual restoration in the SC and transplant morphology has been previously reported 32 ; RD rats with laminated transplants showed larger SC areas with recovered responses and responded to lower light levels than RD rats with rosetted transplants.
The organization of transplants varied between nearcomplete lamination to rosette formation (arrangement of photoreceptor layers around a lumen outer with outer segments in the center, surrounded by other retinal layers) and completely disorganized transplants (mixing of retinal layers with no outer segments recognizable). One reason for the formation of rosettes is the difficulty in properly placing the retinal sheet in the subretinal space of rats because of the relatively small eye and the large lens. 62 Any damage to host RPE can lead to rosette formation. Additionally, choroid damage would lead to severe disorganization of the trans- plant. 12 However, our data suggest that even rosetted transplants showed specific responses in an area of the SC. It has been shown previously that transplants with rosette formation will still result in visual responses in the SC but confined to a smaller area. 32 This was further confirmed in our current investigation. Rosetted transplants often showed less connectivity with the host retina. Thus, it is possible that the positive effect of these transplants on visual function could partially be due to a trophic effect on host cones, although fetal sheet transplants were shown not to rescue host cones in a previous study. 40 Immunohistochemistry for recoverin, rhodopsin, and redgreen opsin demonstrated that in areas where transplant photoreceptors were in contact with host RPE, strong rhodopsin staining was observed in the outer segment area, comparable to normal retina (Fig. 8) . 28, 39, 63 As seen in Figures  9A through 9F , PKCa immunohistochemistry showed areas of potential transplant-host connectivity between bipolar cells of transplant and host, an observation reported previously. 22, 61 There were no such signs of neuronal integration in areas where the transplant was placed upside down (Figs. 9G-I) , suggesting that the correct polarity of the transplants is important for the establishment of neuronal connections between the transplant and the host retina. 64 Our previous studies demonstrated that transplant processes extended into the host retina. 22, 32 Extension of transplant processes into the host retina with potential synaptic integration was further confirmed by Bassoon and syntaxin (HPC-1) staining (Figs. 10C-E, 10H-K). Transplants were able to develop several mature retinal cell types, including rods/cones, bipolar, amacrine, and horizontal cells. In the case of the laminated transplants, these developed in the correct retinal layers, indicating that the complexity of retinal lamination can be achieved only with sheet transplantation.
We also analyzed the NIH nude retina for simple injury markers and found scattered Ibaþ microglia localized in the inner retina, GFAPþ astrocytes in the NFL, and CRALBPþ trans- (Figs. 11A, 11G,  11E ). The microenvironment seems to be noninflammatory, providing further evidence that the absence of T cells is not altering the native environment. The RD host retina develops GFAP immunoreactivity of Müller cells and microglial activation with photoreceptor degeneration 53, [65] [66] [67] (Fig. 12B ) and retinal injury. 68, 69 Therefore, it was not surprising to see GFAP immunoreactivity and Iba1þ microglia within the sham surgery RD retina (Fig. 12H ) and the transplanted retina (Figs. 12C,  12D, 12I, 12J ). In spite of this background inflammation, the transplants themselves showed no sign of rejection or failure to thrive.
Based on the present investigation, retinal sheet transplantation failed to make any improvement in the ERG waveform. A potential explanation for this is that ERG signals originating from the comparatively small transplant (approximately 1 mm 2 ) are not strong enough to generate a detectable ERG across the cornea since most of the surrounding retina is devoid of any visual activity. An ERG is the cumulative response of the entire retina: Therefore, the signal output from the transplant may not be sufficient to generate a faithful ERG wave form.
In summary, this study demonstrates preservation of the retinal sheet transplant in the subretinal space of a newly developed immunodeficient RD rat model [SD-Foxn1 Tg(S334ter)3Lav] and significant improvement of visual activity as evidenced by behavioral and electrophysiological assessments. The study also confirms the safety and feasibility of using retinal sheet transplantation approaches for the treatment of human photoreceptor degeneration diseases. 
